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of Molecular Biology and Biochemistry, The Rockefeller University, New York, New YorkABSTRACT Surface-enhanced infrared absorption (SEIRA) difference spectroscopy can probe reactions in a protein mono-
layer tethered to a nanostructured gold surface. SEIRA studies of membrane proteins, however, remain challenging due to
sample stability, effects of the metal surface on function, and the need for a membrane-mimicking environment. Here we demon-
strate and characterize a model system for membrane receptor investigations using SEIRA spectroscopy. The system employs
nanoscale apolipoprotein bound bilayer (NABB) particles, similar to discoidal high-density lipoprotein particles, as soluble
carriers for the G-protein-coupled receptor rhodopsin. The His-tag of the engineered apolipoprotein allows for selective binding
of the NABBs to a Ni-NTA modified surface, while the lipid environment of the particle ensures stability and protection of the
embedded receptor. Using SEIRA spectroscopy, we followed specific binding of rhodopsin-loaded NABB particles to the surface
and formation of a membrane protein monolayer. Functionality of the photoreceptor in the immobilized NABBs was probed by
SEIRA difference spectroscopy confirming protein conformational changes associated with photoactivation. Orientation of the
immobilized NABB particles was assessed by comparing SEIRA data with polarized attenuated total reflection-Fourier-trans-
form infrared spectroscopy. Thus, SEIRA difference spectroscopy supported by the NABB technology provides a promising
approach for further functional studies of transmembrane receptors.INTRODUCTIONTo understand the molecular details of membrane receptor
activation requires high-resolution structural information
and the application of sensitive biophysical techniques to
interrogate protein conformational changes in a nativelike
lipid environment. Fourier-transform infrared (FTIR) differ-
ence spectroscopy is one of the tools widely used for
investigation of the structural changes associated with
conformational transitions in proteins (1–4). FTIR differ-
ence spectroscopy selectively monitors vibrations from
those molecular groups that undergo changes during a tran-
sition from one protein state to another, while vibrations that
remain unchanged cancel out, thus reporting on the struc-
tural differences between the two states. The standard trans-
mission FTIR difference technique is, unfortunately, limited
to studies of thin protein multilayer films of only a few mm
thicknesses due to the strong water absorption in the midin-
frared range. These protein films are enclosed between
infrared (IR)-transparent windows, which prevents, for
example, the addition of receptor ligands to initiate specific
binding reactions. In principle, attenuated total reflection
(ATR)-FTIR, where the protein sample is probed on the
surface of an internal reflection element, avoids the problem
of limited solvent accessibility of the protein sample.
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0006-3495/10/10/2327/9 $2.00FTIR spectroscopy to probe protein-lipid systems (5–7),
ATR studies of membrane proteins are severely hampered
by limited protein film stability and sample swelling during
hydration (8).
Surface-enhanced infrared absorption (SEIRA) spectros-
copy is a modification of the ATR-FTIR method that avoids
some of the problems associated with ATR-FTIR. The
exquisite sensitivity of SEIRA allows experiments on
a stable, immobilized protein monolayer exposed to the
bulk aqueous solution (9–13). A nanostructured metal film
on the interface between the internal reflection element
and the sample enhances the IR intensity by approximately
two orders of magnitude. Protein monolayers situated
within ~10 nm above the surface can be effectively probed,
while signals from the bulk solution are not enhanced. The
SEIRA-active nanostructured gold film can be modified via
thiol chemistry to generate a nickel chelating nitrilo-
triacetic acid (Ni-NTA) self-assembled monolayer (9). The
Ni-NTA modification allows for specific binding of His-
tagged proteins, while preventing potentially harmful direct
contact to the metal surface. A further characteristic feature
of SEIRA is its strong polarization normal to the gold
surface, selectively enhancing vibrations with a transition
dipole moment oriented perpendicular to the surface
(14,15). Although SEIRA represents a considerable advance
over the conventional FTIR spectroscopy, studies of mem-
brane proteins remain challenging due to issues such as
protein stability, protection from the metal surface, and
the need for a nativelike lipid environment.
Our aim has been to develop a model system to study
G-protein-coupled receptors (GPCRs) using SEIRAdoi: 10.1016/j.bpj.2010.06.054
2328 Zaitseva et al.spectroscopy. GPCRs represent a superfamily of integral
membrane proteins involved in a vast number of vital phys-
iological processes (16,17). Despite their crucial impor-
tance, there is still limited knowledge about the molecular
mechanism of signal transduction by GPCRs, and how
extracellular ligand binding results in heterotrimeric G-
protein activation. Inherent difficulties in expression, purifi-
cation, and handling of the receptors, together with the lack
of molecular techniques capable of following the structural
changes during activation in a physiological lipid environ-
ment, all contribute technical challenges. The dim-light
photoreceptor rhodopsin is prototypical for this receptor
family and is one of the best-studied GPCRs. Light-induced
isomerization of its 11-cis retinylidene chromophore, cova-
lently linked to the protein via a protonated Schiff base,
triggers within milliseconds the conformational transition
through several inactive intermediates (Batho, Lumi, and
Meta I) to the active signaling state, Meta II. Photoactivation
of rhodopsin has been extensively studied by the conven-
tional FTIR spectroscopy (3,18,19), making it an exquisite
reference model for validation of new experimental
approaches for IR spectroscopy. Rhodopsin is nonphotochro-
mic (i.e., it has a noncyclic photoreaction) and, therefore,
a single photoactivation event causes bleaching, which poses
a particular challenge because several activation cycles
cannot be averaged within a single SEIRA experiment.
Here, we adapted nanoscale apolipoprotein bound bilayer
(NABB) particles (20), similar to nanodisks (21) or re-
combinant high density lipoprotein particles (22), as soluble
carriers of membrane proteins to simultaneously attach,
protect, and orient receptors at the SEIRA-active surface.Biophysical Journal 99(7) 2327–2335We incorporated rhodopsin into discoidal NABB particles,
comprising one molecule of rhodopsin, two molecules of
zebrafish apolipoprotein A-I (zap1), and ~116 molecules
of palmitoyl-oleoyl phosphatidylcholine (POPC) lipids
(20). The His-tag of the zap1 apolipoproteins was used to
bind the recombinant NABB particles to the Ni-NTA modi-
fied SEIRA-active surface (Fig. 1 A). We confirmed that the
rhodopsin in the NABBs is functional under the conditions
required for the SEIRA experiment and use a G-protein-
derived peptide to demonstrate the presence of a functional
Meta I/Meta II equilibrium. We further use a combination of
ATR-FTIR and SEIRA to show that the discoidal NABB
particles are oriented predominantly parallel to the surface.MATERIALS AND METHODS
Preparation of rhodopsin NABB particles
Disk membranes from cattle retinae were prepared according to standard
procedures (23) and rhodopsin was purified in detergent n-octyl b-D-gluco-
side using concanavalin A affinity chromatography (24). Expression and
purification of hexahistidine-tagged zebrafish apolipoprotein A-I (zap1)
was performed as described previously (20). Self-assembly of empty and
rhodopsin-loaded NABB particles was done according to Banerjee et al.
(20) with slight modifications. Briefly, to obtain rhodopsin-loaded lipopro-
tein particles, zap1, rhodopsin, and 1-palmitoyl-2-oleoyl-sn-glycero-
3-phosphocholine (POPC; Avanti Polar Lipids, Alabaster, AL) were
combined at a molar ratio of 2:1:116 in 25 mM Tris-HCl, 125 mM NaCl,
1.5% (w/v) sodium cholate, 1.5% (w/v) n-octyl b-D-glucoside at pH 8.0
and were incubated for 1 h at room temperature. For empty NABB particles,
the assembly mixture contained only zap1 and POPC at a molar ratio of
2:150 in the same buffers. The assembly mixtures were then loaded onto
detergent-removing Extracti-Gel columns (Pierce Biotechnology, Rock-
ford, IL). The protein containing fractions of the eluates from the columnsFIGURE 1 Functional incorporation and charac-
terization of rhodopsin in NABB lipoprotein
particles. (A) Molecular cartoon of rhodopsin
incorporated into lipoprotein particles tethered to
a Ni-NTA modified SEIRA-active gold film via
6 His-tags of the zap1 apolipoprotein. (B) UV-
visible spectroscopic characterization of the
green-light-induced activation of rhodopsin in lipo-
protein particles converting the dark state of the
receptor (lmax 500 nm) to the signaling Meta II
photoproduct state (lmax 380 nm) at 20
C at
pH 6.0. (C) ATR-FTIR spectrometry allows charac-
terization of lipid/apolipoprotein/receptor compo-
sition of multilayers of rhodopsin-loaded (1) and
empty (2) lipoprotein particles. (D) UV-visible
difference spectra for the photoproduct minus
dark state reflecting the pH-dependent Meta I/
Meta II equilibrium of rhodopsin incorporated
into NABBs, and extra-Meta II formation upon
binding of a G-protein-derived peptide to the Rho-
NABBs at pH 8. (E) The Meta II content in the
photoproduct mixture was determined from UV-
visible absorption spectra of NABB-incorporated
rhodopsin at 20C and shows the pH-dependence
of the equilibrium, which is typical for a nativelike
membrane environment. Reported values are the
averages of three independent experiments.
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Laboratories, Hercules, CA) on an orbital shaker at 4C for 4 h to remove
residual traces of detergents. The lipoprotein particles with or without
incorporated rhodopsin were finally purified by Ni-NTA affinity chroma-
tography (using the His-tag of zap1), extensively dialyzed to remove imid-
azole from the eluate, and stored at80C until use. All manipulations with
samples containing rhodopsin were carried out under dim red light.Spectroscopy in the ultraviolet-visible
and infrared ranges
Ultraviolet (UV)-visible spectroscopy was performed on solutions of
NABB particles with incorporated rhodopsin using a Lambda 17 spectro-
photometer (Perkin-Elmer, Norwalk, CT) with thermostated sample holder.
For Meta I/Meta II equilibrium studies, 20 mM bis-tris propane (BTP)
buffer containing 150 mM NaCl and 20 mM morpholinoethanesulfonic
acid buffer containing 150 mM NaCl were used in overlapping pH ranges.
Rhodopsin was activated by photolysis for 30 s through fiber optics fitted to
a 150 W tungsten lamp equipped with a 530-nm long-pass filter.
SEIRA, ATR, and transmission FTIR spectroscopy were performed
using a Vertex 70 spectrometer (Bruker, Ettlingen, Germany) equipped
with a liquid nitrogen-cooled mercury-cadmium-telluride detector. Spectra
were recorded with acquisition time of 30 s and a spectral resolution of
4 cm1. SEIRA spectroscopy was conducted with a custom-made single
reflection unit using a trapezoidal silicon internal reflection element
covered with a nanostructured gold film. The gold film was prepared via
the electroless deposition technique and electrochemically cleaned as
described (25) with slight modifications (26). The IR transmission of the
silicon prism decreases when covered with the gold film (27,28). This
decrease varies somewhat with the properties of the film, but typically in
our experiments it was ~30%. The gold film was modified via thiol-chem-
istry by nickel chelating nitrilo-triacetic acid (Ni-NTA) according to
published procedures (9). Each modification step was followed in situ by
SEIRA spectroscopy. Binding of lipoprotein particles via the N-terminal
His-tag of zap1 to the Ni-NTA modified gold surface was achieved by incu-
bating 200 mL of a 2.5 mM solution of the particles in binding buffer
(20 mM BTP and 150 mM NaCl at pH 8.0) at 25C atop the Ni-NTA deriv-
atized gold surface and followed by SEIRA spectroscopy. Binding was
judged to be complete within ~90 min and unbound NABBs were removed
by washing the surface with buffer. The buffer was then exchanged to
20 mM BTP and 150 mM NaCl at pH 6.0, providing conditions for shifting
rhodopsin’s Meta I/Meta II photoproduct equilibrium toward the signaling
state Meta II. For light-induced SEIRA difference spectroscopy, the
rhodopsin-loaded lipoprotein monolayer was illuminated for 3 s by an array
of four bright-green light-emitting diodes (16 candela) at 530 nm.
Conventional transmission FTIR spectroscopy was performed using
sandwich samples (18) containing 0.2 nmol rhodopsin-loaded lipoprotein
particles. Illumination conditions were similar to the SEIRA experiments.
ATR-FTIR spectroscopy was performed using a micro ATR device with
a diamond internal reflection element with seven reflections (SensIR Tech-
nologies, Danbury, CT) on dry films of lipoprotein particles, prepared by
dialysis against doubly distilled water and drying onto the internal reflec-
tion element under a stream of nitrogen.Polarized ATR-FTIR spectroscopy
Polarized ATR-FTIR spectroscopy was performed using a custom-made
thermostated ATR cell with an 85 mm 6 mm 6 mm germanium internal
reflection element with seven reflections and KRS-5 12.000 grid polarizers
(Graseby-Specac, Orpington, Kent, UK). Dry oriented POPC multilayers
were obtained by vacuum-drying a suspension of multilamellar vesicles
prepared from 1 mg of POPC in doubly-distilled water atop the internal
reflection element, ensuring that the final film thickness exceeded the IR
penetration depth. Absorption spectra were recorded with polarizer settings
parallel (p) and perpendicular (s) to the plane of incidence. The spectra werethen converted into component absorption spectra polarized in the direction
perpendicular to the ATR crystal surface, Az, and parallel to it, Axy, using
the thick-film approximation (5,6,29). This was achieved by decomposing
the p and s polarizations into their x, y, and z electric field components
with respect to the crystal surface. By using refractive indices n ¼ 4.01
for germanium and n ¼ 1.49 for POPC, the resulting equations of these
conversions were Axy ¼ s/2.310 Az ¼ (p  0.845s)/2.667. To estimate
the orientation of bound rho-NABBs relative to the surface, the SEIRA
spectrum of the lipoprotein particle monolayer was fitted to a linear
combination of polarized component spectra k Axy þ (1k) Az of the
oriented POPC film in the lipid CH2/CH3 stretch absorption region
(3000–2800 cm1). Taking into account that only vibrations normal to
the surface are enhanced in SEIRA spectroscopy and assuming that the
lipids adopt the same orientation in the NABBs as in the bilayer, the angle
between the lipoprotein particle plane and the surface can be estimated by
tana ¼ k/(1k).Interaction of rho-NABBs with G-protein-derived
peptide
Binding of a high-affinity peptide analog corresponding to the C-terminal
tail of the a-subunit of the G-protein transducin (VLEDLKSCGLF, peptide
23 (30)) to the activated rhodopsin in NABBs was monitored by UV-visible
spectroscopy using the method of extra-Meta II formation (31). UV-visible
absorption spectra were recorded before and after light activation from
NABB samples with incorporated rhodopsin (1 mM) in the presence of
50 mM peptide.Molecular graphics
Molecular model depictions were created with the software PyMol (32)
using coordinates of rhodopsin (33) and of lipoprotein particles based on
N-terminally truncated human apolipoprotein (34) (obtained online from
Stephen Harvey Lab, Georgia Institute of Technology, Atlanta, GA;
http://rumour.biology.gatech.edu), which were extended by two N-terminal
fragments from the full-length apolipoprotein 2A01 (35) and two 6 His
tags.RESULTS
Control of lipoprotein particle self-assembly
and rhodopsin functionality
NABB lipoprotein particles with or without incorporated
rhodopsin were prepared by a previously published self-
assembly procedure (20) with modifications as detailed in
Materials and Methods and purified via the 6 His-tag of
the apolipoprotein zap1. The efficiency of rhodopsin incor-
poration was estimated from UV-visible absorption spectra
of rhodopsin-loaded lipoprotein particles (Fig. 1 B, dark
spectrum) using the ratio of absorption at 500 nm, rhodop-
sin’s visible absorption peak, and the protein absorption
at 280 nm due to aromatic residues, A500/A280. Rhodopsin
purified under these conditions has an absorption coefficient
at 500 nm, 3500, of 42,000 M
1 cm1 and an A280/A500 ratio
of ~1.8. For rhodopsin-loaded lipoproteins, the A280/A500
ratio was determined to be 2.9, which gives an estimate of
the rhodopsin/zap1 ratio in the NABB lipoproteins of 0.36
(instead of 0.5 of the stoichiometric mixture), using a
zap1 absorption coefficient of 3280 ¼ 16,700 M1 cm1.Biophysical Journal 99(7) 2327–2335
2330 Zaitseva et al.This calculated ratio corresponds to a fraction of empty
NABB particles of ~28%.
Light-induced formation of the Meta II signaling state of
rhodopsin in NABB lipoprotein particles was verified using
UV-visible absorption spectroscopy, showing the character-
istic shift of the visible absorption maximum from 500 nm
to 380 nm after illumination with green light (Fig. 1 B,
Meta II spectrum). A small fraction of rhodopsin did not
convert to Meta II, as evident from the residual bump
at 480 nm in the photoproduct spectrum. This residual
part reflects presence of the inactive Meta I state (lmax
480 nm) in the lipoproteins, which forms a pH-dependent
conformational equilibrium with the Meta II signaling
state (36).
The stoichiometries of zap1, rhodopsin, and lipids in
NABB particles were further investigated using ATR-
FTIR spectroscopy. ATR-FTIR spectra of dry films of
rhodopsin-loaded and empty NABB particles (Fig. 1 C)
show the typical pattern with lipid methyl and methylene
C-H stretch bands between 3000 cm1 and 2800 cm1,
the lipid ester carbonyl C¼O stretch at 1740 cm1, and the
amide I and amide II bands at 1650 cm1 and 1550 cm1,
corresponding to the C¼O stretch and C¼N stretch
(coupled to N-H bending) of the protein backbone, respec-
tively. Both rhodopsin-loaded and empty NABB lipoprotein
particles revealed a position of the amide I absorption
peak at 1655 cm1 indicative of predominantly a-helical
secondary structure of both rhodopsin and the apolipopro-
tein in the particles. The position of the symmetric lipid
CH2 stretch at 2853 cm
1 further indicated that the POPC
lipids were in the liquid-crystalline and not in the gel phase.
The ATR absorption spectra of empty lipoprotein particles
corresponded to spectra taken from a 2:150 stoichiometric
mixture of zap1 and lipid (not shown), indicating correct
assembly of the empty lipoprotein particles. Taking into
account a 23% lower lipid content in rhodopsin-loaded as
compared with empty lipoprotein particles (20), the spectra
were normalized using the 1740 cm1 lipid carbonyl stretch.
With this internal calibration, the intensity of the protein
amide I band of rhodopsin-loaded lipoproteins is 46%
higher as compared with empty lipoproteins. Assuming
that the amide I intensity is proportional to the total protein
content in the NABB particles (Mrho 40 kDa and Mzap1
31 kDa), this will give a fraction of ~30% of empty lipopro-
tein particles in the rhodopsin-loaded lipoprotein sample,
which is in good agreement with the data from UV-visible
spectrometry.Meta I/Meta II equilibrium of rhodopsin
in NABB lipoprotein particles
One of the hallmarks of rhodopsin’s activation pathway in
native membranes is the formation of a pH-dependent
steady-state equilibrium between Meta II and the inactive
Meta I precursor state (36), which is mostly maintainedBiophysical Journal 99(7) 2327–2335upon reconstitution into synthetic membranes, but com-
pletely lost in commonly used detergents (19). We examined
the presence of this equilibrium in the NABB particles
taking advantage of the distinct absorption maxima of
Meta I (485 nm) and Meta II species (380 nm) in UV-visible
spectra. The spectral shift is due predominantly to deproto-
nation of the retinal Schiff base in Meta II. The contribution
of Meta II to the photoproduct equilibrium can hence be
determined from photoproduct minus dark state difference
spectra (Fig. 1 D) using a decomposition into a linear
combination of Meta I and Meta II reference spectra and
fitting to a modified Henderson-Hasselbach function with
nonzero alkaline endpoint (3). The experimental data
clearly demonstrate the presence of a pH-dependent Meta
I/Meta II equilibrium in the lipoprotein particles (Fig. 1 E).
The obtained values of pKa ¼ 6.5 5 0.2 and the alkaline
endpoint Qalk ¼ 0.16 5 0.05 at 20C are only slightly
increased as compared with previously obtained data in
synthetic POPC membranes (3), indicating a small shift
toward the Meta II species in the rhodopsin Meta I/Meta II
equilibrium in NABB particles.Interaction of rhodopsin incorporated
into NABBs with G-protein-derived peptide
Next, we examined the capability of rhodopsin incorporated
into NABBs to interact with the high-affinity peptide analog
corresponding to the C-terminal tail of the a-subunit of the
G-protein transducin. Binding of G-protein-derived peptide
to the active Meta II intermediate is known to shift the
Meta I/Meta II conformational equilibrium toward Meta II
(31) by stabilizing selectively the active state conformation
of the receptor. This effect, termed extra-Meta II, can
provide an additional test of the functionality of the receptor
incorporated into NABBs. In Fig. 1 D, curve pH 8/peptide
shows photoproduct minus dark state difference spectrum
recorded under Meta I conditions (pH 8) in the presence
of the peptide. As seen from the curve, the presence of
the peptide at pH 8 completely shifts the conformational
equilibrium toward Meta II, indicating efficient binding
of G-protein-derived peptide to the NABBs incorporated
rhodopsin, in line with previous studies of rhodopsin in
lipoprotein particles (37,38).Immobilization of rhodopsin-loaded NABB
particles on the SEIRA-active modified gold
surface
To allow for specific binding via the zap1-His tag and to
avoid protein denaturation on the metal surface, SEIRA-
active nanostructured gold films deposited on the top of
a trapezoid silicon prism were modified via thiol chemistry
to produce a self-assembled Ni-NTA monolayer exposed
to binding buffer (9,11). Attachment of the lipoprotein
particles as a monolayer was started by adding 300-pmol
SEIRA Spectroscopy on GPCR in NABBs 2331rhodopsin-loaded NABB particles (in 50-mL binding buffer)
to 150-mL binding buffer solution atop the modified surface,
yielding a lipoprotein particle concentration of 1.5 mM.
Time-dependent specific adsorption was monitored with
SEIRA spectroscopy using a spectrum obtained before addi-
tion of the lipoprotein particles as a reference. Binding of
the rhodopsin lipoprotein particles to the modified surface
could be followed using the time-dependent increase of lipid
and protein marker bands during the course of incubation
(Fig. 2 A). The time constants of binding were in the range
of 10–20 min and binding was considered completed after
90 min. Peak positions of lipid CH and C¼O stretches
and of the protein backbone amide II vibration were similar
as determined by ATR-FTIR spectroscopy (Fig. 1 C). The
position of the amide I band is upshifted by 3 cm1 in the
SEIRA absorption spectra, which is presumably caused
by superposition with a negative band reflecting decrease
of water absorption at ~1640 cm1 due to displacement of
water during the binding process. This superposition of an
increasing amide I and a decreasing water OH bending
mode further leads to an underestimation of the amide I
absorption relative to the amide II absorption in the binding
spectra.FIGURE 2 SEIRA absorption and difference spectroscopy on mono-
layers of rhodopsin lipoprotein particles. (A) The assembly of a monolayer
of rhodopsin-loaded NABB particles on the Ni-NTA modified SEIRA-
active gold surface was followed using time-dependent SEIRA spectros-
copy. Absorption spectra were taken 2, 10, 30, and 90 min (from bottom
to top) after start of the binding process. (B and C) Light-induced SEIRA
difference spectra obtained at 25C, pH 6.0, from a rhodopsin-loaded
lipoprotein monolayer, are shown for a single experiment (B) and as an
average of seven experiments (C). The SEIRA difference spectra of the
monolayer are compared with a conventional FTIR transmission difference
spectrum obtained from multilayers of rhodopsin lipoprotein particles.Testing the functionality of rhodopsin NABB
particles in the monolayer by light-induced SEIRA
difference spectroscopy
The functionality of rhodopsin in the tethered monolayer
was tested to prove the capability of SEIRA difference spec-
troscopy to monitor the small spectral changes resulting
from receptor conformational transitions on the monolayer
level. We triggered photoactivation of rhodopsin by green-
light photolysis and recorded SEIRA difference spectra
photoproduct minus dark state (Fig. 2 B). Despite the very
small amplitude of the absorption changes in the range of
only 10–30 mOD, the sensitivity of SEIRA spectroscopy is
high enough to resolve them in a single experiment. The
resulting difference spectrum contains the typical band
patterns characteristic of the transition from the inactive
dark state of rhodopsin to the active Meta II state (3).
Signal/noise ratio of the spectra can be further increased
by co-adding several independent experiments, each made
with a new gold film, as shown in Fig. 2 C.
A comparison of the SEIRA difference spectrum with
a corresponding difference spectrum acquired by conven-
tional FTIR transmission spectroscopy (Fig. 2 C, gray)
reveals conformity of the spectra for the most part with
only a few smaller deviations for bands in the amide I range.
In particular, the range between 1700 and 1780 cm1 of the
C¼O stretch of protonated carboxylic acids is well repro-
duced in the SEIRA difference spectra, reflecting the capa-
bility of SEIRA difference spectroscopy to detect molecular
changes on the level of single side chains. The bands in this
range comprise the band pattern of Asp83 and Glu122 at1768 cm1()/1748 cm1 (þ)/1728 cm1 (). This pattern
is due to changes of the hydrogen bonding of these
groups reflecting conformational transitions in interhelical
hydrogen-bonded networks where these side chains play a
central role (3,39). This range further comprises two super-
imposed protonation bands of two carboxylates, Glu113 and
Glu134, which are known to serve as protonation switches in
the activation process (3,19,40,41). The bands in the amide I
range around 1650 cm1 reveal identical peak positions as
in the control spectrum, yet the intensities of single bands
are somewhat altered. In particular, the positive amide I
Meta II marker band at 1644 cm1 is lowered as comparedBiophysical Journal 99(7) 2327–2335
FIGURE 3 Discoidal rhodopsin NABB particles preferentially bind
parallel to the SEIRA active surface. (A) A SEIRA absorption spectrum
of a rhodopsin lipoprotein monolayer in the range of the lipid CH2/CH3
vibrations is compared with a linear combination of x-, y-, and z-component
spectra obtained by polarized ATR-FTIR spectroscopy of dry stacks of
oriented POPC bilayers (shown in inset). (B) The coefficients of this linear
combination allow a calculation of the orientation of the lipids in the
rhodopsin-loaded lipoprotein particles relative to the gold surface, yielding
an estimate for the angle between the surface and the particles of 24
(510).
2332 Zaitseva et al.with the control spectrum obtained using transmission
spectroscopy.Orientation of the NABB particles
in the monolayer relative to the surface
Using the linear dichroism of the CH stretch bands of a lipid
bilayer, the orientation of lipids in the lipoprotein particles
and, hence, the orientation of the particles themselves, rela-
tive to the surface, can be determined. Polarized ATR-FTIR
spectroscopy of oriented dry multilamellar films of POPC
vesicles was used to produce component spectra Axy and
Az for polarization in the xy-plane of the bilayer and along
the z axis perpendicular to it, respectively, as described
previously (42) (Fig. 3 A, inset). Taking into account that
only the component perpendicular to the gold surface is
enhanced in the SEIRA spectra (14) and assuming that the
lipids in the lipoproteins are oriented in a similar manner
as in an extended bilayer, it is possible to estimate the orien-Biophysical Journal 99(7) 2327–2335tation of bound lipoprotein particles in the monolayer rela-
tive to the surface in a qualitative way. Fig. 3 A compares
a SEIRA binding spectrum of a rhodopsin-loaded lipopro-
tein monolayer in the range of the lipid CH stretching vibra-
tions to a linear combination of the polarized component
spectra obtained by polarized ATR-FTIR on oriented
POPC bilayers. The experimental SEIRA spectrum is best
matched by a linear combination 0.3Axy þ 0.7Az with an
estimated error of the coefficients of 50.1. This corre-
sponds to an average tilt of the discoidal lipoprotein particle
(bilayer) plane with respect to the surface of 24 5 10
(Fig. 3 B), showing that the orientation of the NABB discs
is rather more parallel than perpendicular to the surface.
A similar predominantly parallel orientation was found for
empty lipoprotein particles (not shown).DISCUSSION
In this study, we have successfully employed membrane
nanoparticles, NABBs, as soluble carriers for membrane
proteins, here the GPCR rhodopsin, for selective tethering
to a modified rough gold surface. The NABB technology
enabled us to apply SEIRA difference spectroscopy on the
immobilized protein monolayer to monitor the vibrational
changes during activation of the receptor. By using lipid
and protein IR absorption bands, we followed specific
attachment of the rhodopsin-loaded NABB lipoprotein
particles via an engineered His-tag of the recombinant
zap1 apolipoprotein to the Ni-NTA modified gold surface
during formation of the monolayer. In this monolayer, the
average angle of the NABB particles with respect to the
surface was determined to be ~24 derived via a comparison
of the SEIRA absorption spectra with reference spectra
obtained with polarized ATR-FTIR spectroscopy on model
POPC membranes.
Functionality of the transmembrane receptor in the im-
mobilized lipoprotein particles was investigated by light-
induced SEIRA difference spectroscopy. Despite probing
the protein IR signal arising from only a monolayer, the
intensity of SEIRA difference bands was ~5% of the corre-
sponding band intensities acquired by conventional trans-
mission FTIR from densely packed stacks consisting of
~500 layers. The sensitivity of SEIRA difference spectros-
copy was sufficient to resolve absorption changes in the
difference spectra down to ~5 mOD. This signal/noise is
remarkable, given that the rhodopsin photoactivation reac-
tion is noncyclic and does not allow for coaveraging over
several activation cycles in a single experiment.
In previous SEIRA studies, a variety of methods was used
for immobilizing membrane proteins on the active surface.
In most cases, membrane proteins were solubilized in deter-
gent and attached to the surface via an engineered His-tag on
the membrane protein itself. Attachment was often followed
by addition of lipids and detergent removal (9–11). This
method might result in a high density of the protein at the
SEIRA Spectroscopy on GPCR in NABBs 2333surface, but requires the presence of an engineered His-tag.
The latter might present an obstacle for functional expres-
sion, especially of polytopic membrane proteins with
N-terminal modifications. In addition, the membrane
protein under investigation must display sufficient structural
stability to withstand the binding process and any destabiliz-
ing nonspecific interactions with the metal surface. GPCRs
in particular seem to have intrinsically flexible surface
loop structures which do not tolerate surface tethers. For
example, in our hands, attempts to bind a b2-adrenergic
receptor in dodecyl maltoside micelles resulted in consider-
able protein destabilization as evident from analysis of the
protein backbone amide I bands.
A further possibility to solubilize membrane proteins is to
employ phospholipid bicelles by forming a lipid/detergent
belt around the membrane protein. Such bicelles have
been shown previously to be superior to detergent micelles
in stabilizing the conformationally flexible opsin (43).
Bicelles have been successfully used for functional immobi-
lization of the bacterial photoreceptor pPSRII in SEIRA
experiments (11). Bicelles are, however, dynamical struc-
tures and are not generally stable in buffer. They require
the presence of the constituting lipid/detergent mixture,
which is not desired in flow systems applicable to ligand
binding studies. Again, this method requires that the
membrane protein bear an engineered His-tag or other
linker. Other strategies for linking membrane proteins to
surfaces were developed for surface plasmon resonance
studies and are based, for instance, on biotin-streptavidin
or antigen-antibody interactions (44,45). These linkers,
however, are considerably bulkier than the His-tag/NiNTA
linker used here, resulting in a larger distance of the immo-
bilized membrane protein to the SEIRA active surface and
hence insufficient field enhancement (12). Further possibil-
ities of immobilization might be offered by lipid bilayers
bound via thiolipids to the gold surface (46). Such systems,
however, are known to suffer from difficulties with the
reconstitution of membrane proteins and provide only
a single-sided access to the solvent. NABB particles repre-
sent stable soluble discoidal phospholipid bilayer patches
encircled by an apolipoprotein belt. Similar lipoprotein
particles have been used previously to solubilize membrane
proteins such as cytochrome P450, bacteriorhodopsin, and
bacterial chemoreceptors (21).
Recent studies have also confirmed that G-protein-
coupled receptors (GPCRs), such as rhodopsin (20,37,
38,47) and b2-adrenergic receptor (22,48), can be reconsti-
tuted into lipoprotein particles while retaining their func-
tionality. These nanodisks were also shown to be suitable
for immobilization of membrane proteins on surfaces
(47,49,50). Using NABB membrane nanoparticle tech-
nology allows us to avoid several inherent drawbacks of
surface-enhanced spectroscopy methods. The lipoprotein
particles are soluble in buffer and stable during the time
course of the experiments. They offer a stabilizing lipidenvironment resembling that of a bilayer, which is of partic-
ular importance for structurally flexible membrane proteins
such as GPCRs. Finally, specific binding to the Ni-NTA
surface can be achieved using the His-tag of the engineered
apolipoprotein, requiring no further linker on the membrane
protein. Compared to the above-mentioned alternatives of
using a detergent or a detergent/lipid bicellar system, the
packing density of the membrane protein is potentially
reduced with the lipoprotein carrier system, due to its larger
size. Band intensities in the binding spectra and in the acti-
vation difference spectra were reduced by ~50% compared
with previous experiments on pSRII using detergent
micelles or detergent/lipid bicelles. However, for ligand
binding studies this potential limitation can be compensated
for by taking advantage of the reversibility of the reaction,
which allows signal averaging over a number of binding/
unbinding cycles in a single experiment.CONCLUSIONS
In this study, we have demonstrated the feasibility of using
lipoprotein particles as soluble carriers for membrane
proteins for SEIRA difference spectroscopy on solvent-
exposed monolayers, and characterized the experimental
system in detail. Despite the irreversibility of rhodopsin’s
photoreaction, we were able to record informative differ-
ence spectra from single experiments. The high sensitivity
of the spectroscopic method and the membrane-mimicking
stabilizing environment offered by the soluble lipoprotein
carrier system sets the stage for future studies on ligand-
activated GPCRs using a flow system. For example, C-C
chemokine receptor 5 has been shown very recently to retain
full functionality after reconstitution into NABB particles
(51). These advances in combination with the experimental
setup described here will enable monitoring of ligand
binding events or interactions with soluble effectors, such
as G-protein, that are hampered by the presence of deter-
gents (52), and correlate them to specific receptor conforma-
tional changes. In addition, the SEIRA method described
here can be used with GPCRs harboring unnatural amino
acids (for example, p-azido-Phenylalanine, which has
unique IR signatures at specific locations (4,53)).
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